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Human endogenous retroviruses (HERVs) occupy about 5% of human DNA and are thought to be remnants of ancient retroviral infections of
human ancestors’ germ cells. HERVs can modify expression of host cell genes through their cis-regulatory elements concentrated in their long
terminal repeats (LTRs). Although numerous HERV-related RNAs were identified in the human transcriptome, for most of them, it remains
unclear whether they are LTR-promoted or read-through products initiated from neighboring genomic promoters. Here, we describe mapping of
transcriptional start sites within solitary and proviral LTRs of the HERV-K (HML-2) human-specific subfamily of endogenous retroviruses.
Surprisingly, the transcription was initiated predominantly from the very 3V termini of the LTR R regions. The data presented here may shed light
on adaptive coevolution of human endogenous retroviruses with their host cells.
D 2005 Elsevier Inc. All rights reserved.Keywords: Long terminal repeat; LTR; Endogenous retrovirus; HERV-K (HML-2); Transcription; PromoterIntroduction
Nearly 5% of human DNA is constituted by sequences
assigned to endogenous retroviruses (International human
genome sequencing consortium, 2001). HERVs are probably
genomic traces of numerous germ-line retroviral infections
(Belshaw et al., 2004) that occurred repeatedly during primate
evolution (Sverdlov, 2000). Most of HERVs reside in the
human genome as solitary long terminal repeats (LTRs) formed
due to homologous recombination between LTRs of full-length
elements (Hughes and Coffin, 2004). HERVs are represented
by 40 distinct families (Tristem, 2000) that comprise mostly
transpositionally deficient and transcriptionally silent members
(Lower et al., 1996). However, many HERVs were reported to
express viral genes in a variety of human tissues (Seifarth et al.,
2005) and even to form virus-like particles in placenta (Lyden
et al., 1994; Medstrand and Blomberg, 1993). HERV-K (HML-
2) is considered to be the only endogenous retroviral family
that was active in human evolution up until rather recently0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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HERV-K (HML-2) family members are unique to human DNA
(Buzdin et al., 2003a, 2003b). Some of them are polymorphic
in human populations (Macfarlane and Simmonds, 2004;
Mamedov et al., 2004), thus suggesting the existence of
transpositionally active HERV-K retroviruses. Approximately
90% of the HERV-K family members reside in the form of
solitary LTRs (Buzdin et al., 2003a, 2003b). Having promoter
and enhancer elements, multiple transcription factor binding
sites, and polyadenylation signals, LTRs are generally believed
to possess the full transcriptional regulatory potential of
endogenous retroviruses. Accordingly, it was demonstrated
that solitary HERV-K LTRs specifically bind host cell nuclear
proteins (Akopov et al., 1998; Trubetskoy et al., 2002), serve as
tissue-specific transcriptional promoters and enhancers in
transient transfection experiments (Domansky et al., 2000;
Ruda et al., 2004), are differentially methylated in different
human cell types (Khodosevich et al., 2004a, 2004b; Lavie et
al., 2005), and finally, are transcribed in vivo in many tissues
(Vinogradova et al., 2001, 2002). In addition, it was
hypothesized that HERV-K LTRs may contribute to the host
gene regulation network by acting in cis (by providing
regulatory elements) or in trans (by driving expression of
antisense transcripts) (Buzdin, 2004; Buzdin et al., 2003a,6) 373 – 378
www.e
Fig. 1. Schematic representation of the experimental approach used fo
identification of HERV-K (HML-2) LTR promoter activity in vivo. Line (A
represents transcripts promoted by LTRs, lines (B) and (C) schematize products
of the read-through LTR transcription in the sense and antisense orientations
respectively. The cDNA was synthesized using the ‘‘cap-switch’’ effect tha
enables to selectively tag transcription start sites. Further PCR amplification
with the tag-specific CS primer and unique genomic G primer yields specific
cDNA 5V-terminal regions. The electrophoregram shows the results of the
amplifications for five human-specific LTRs transcribed in human testicula
parenchyma. The PCR products obtained were cloned, sequenced, and mapped
to locate the transcription start site. There can be seen 2 bands in the lane
marked ‘‘LTR1’’ in panel A: a major band at approximately 400 bp and a mino
band at ¨270 bp. DNAs from both bands were sequenced: the 400-bp-long
fragment represented the LTR-promoted transcript, whereas the 270-bp-long
band represented a non-specific amplification product. Track ‘‘M’’—DNA
length standards.
E. Kovalskaya et al. / Virology 346 (2006) 373–3783742003b; Mack et al., 2004; Sverdlov, 1999). However, although
the presence of HERV-K LTR sequences in the human
transcriptome suggests in vivo promoter activity of at least
some of them, the most widely used experimental techniques
fail to confirm or rule out this possibility. The approaches like
EST sequencing, RT-PCR, or microarrays do not discriminate
between LTR-promoted transcripts and read-through LTR
sequences. Moreover, a search in the expressed sequence
databases revealed a number of ‘‘read-through’’ ESTs for many
individual LTRs (Buzdin et al., unpublished). Therefore, an
alternative approach is needed to estimate the LTRs contribu-
tion to the human transcriptome. Here, we report the use of a 5V
RACE (rapid amplification of cDNA ends) technique to
determine the actual transcriptional status of some human-
specific solitary HERV-K LTRs and to identify transcriptional
start sites of LTR-promoted transcripts for some proviral and
solitary LTRs.
Results and discussion
Previously, we have identified a group of HERV-K (HML-2)
LTRs characterized by a considerable sequence identity (98.1%
on the average). This group named ‘‘HS family’’ includes mostly
(¨90%) human-specific LTRs (Buzdin et al., 2003a, 2003b). In
a series of RT-PCR experiments with LTR-specific and unique
genomic primers, we demonstrated that five individual HS
family members were transcribed in human testicular parenchy-
ma. To determine whether this transcription was due to solitary
LTRs own promoter activity in vivo, we employed a RACE
technique based on the ‘‘cap-switch’’ effect in the course of
cDNA synthesis.
Having reached the 5V end of the mRNA template,
oligo(dT)-primed reverse transcriptase adds a few deoxycyti-
dine nucleotides to the 3V end of the cDNA. The protruding
deoxycytidine stretches are hybridized to oligonucleotides with
an oligo-ribo(G) sequence at their 3V ends to form primers that
allow reverse transcriptase to switch templates and to continue
the replication to the end of the oligonucleotide. The technique
allows one to precisely tag the cDNA 5V ends that correspond to
transcriptional start sites (Fig. 1). To discriminate between
LTR-promoted and LTR read-through transcripts, the tagged
cDNA is further amplified with a 5V tag-specific primer (CS in
Fig. 1) and a unique primer (G in Fig. 1) against the 3V genomic
flank sequence of the LTR under study. This procedure yields
PCR products corresponding to 5V-parts of mRNA molecules.
Further sequencing of the PCR products enables precise
mapping of transcriptional start sites of the LTR-containing
RNAs and can therefore answer the question of their origin. If
the transcription is initiated due to the LTR intrinsic promoter
activity, the LTR sequence is supposed to be contiguous to the
terminal tag, and the first adjacent LTR nucleotide is the
transcription start site.
We used this approach to study promoter activity of the LTRs
previously found to be transcribed in human testicular paren-
chyma (see above). In all cases, the transcription of the LTRswas
due to their own promoter activity. The sequenced cDNAs were
deposited in GenBank under accession numbers AY944070–r
)
,
t
r
rAY944074 for LTRs 1–5, respectively. Interestingly enough, the
transcription start sites coincided for all five tested LTRs (Fig.
2A; shown in detail in Fig. 1 of Supplementary material) and
corresponded to position 816 of the HERV-KHSLTR consensus
sequence published in Buzdin et al. (2003a, 2003b). Within this
consensus sequence, we identified two putative core regulatory
regions typical of eukaryotic promoters (Strachan and Read,
1999): (i) a TATA box-like region, AATAAAT (consensus
sequence TATA(A/T)A(A/T)), located at position 20 from
Fig. 2. Transcription start site mapping to the LTR sequence. Panel A represents mapping of cDNA 5V-terminal parts, obtained using PCR with the cDNA 5V end-
specific CS primer and unique genomic G primers, to the consensus sequence of the HS family of HERV-K (HML-2) LTRs. Sequences of putative promoter
regulatory elements are italicized. Panel B schematizes an RT-PCR assay aimed at the identification of the proviral LTR transcription initiation site. LTRfor3 and
LTRfor4 denote LTR-specific primers located downstream and upstream of the mapped solitary LTR transcription start site, respectively. Gag is a primer specific to
the viral gag gene sequence. Panel C shows an alignment of a ¨300-bp-long LTR fragment acting as a promoter in a reporter gene expression (Domansky et al.,
2000) with the HS HERV-K LTR consensus sequence.
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located at the transcription start site, CTCA(+1)GA (consensus
sequence YYCA(+1)RR). In addition, we found putative up-
stream distal promoter elements: GACACATCC, similar to a
beta-globin promoter control element (consensus sequence
GCCACACCC) (Cowie and Myers, 1988) at position 57,
and a putative binding site ATGCAAAG (consensus sequence
ATGCAAAT (Yoza and Roeder, 1990)) for the transcription
factor OTF-2 at position 122. Thus, we suggest that the
transcription start site revealed is coupled to a putative promoter
with the abovementioned regulatory elements.
We studied further whether the same transcription start point
is used in HERV-K proviral transcription that starts from the 5V-
terminal proviral LTR and accounts for viral gene expression.
To this end, we designed PCR primers against LTR sequences
located closely upstream and downstream of the mapped
transcription start site. In RT-PCR assay with random hexamer
primer-synthesized cDNA samples, the upstream or down-
stream LTR primer (LTRfor4 or LTRfor3, respectively) was
used together with a specific primer targeted to a conserved
region of the proviral gag gene (Fig. 2B). The bands of the
PCR products of expected lengths were visible in gels six PCR
cycles earlier when the downstream LTR primer was used. It
suggests that the transcription initiation locus mapped by us for
solitary LTRs is used for proviral gene expression ¨64 times
more frequently than other loci. Interestingly, the RT-PCR data
above suggest that although the proviral gene transcription
starts predominantly from the mapped site, minor transcription
initiation site(s) can be located also upstream. Such sites,however, were not revealed by the approach used here. Our
data are in good agreement with the prior results reported by
Domansky et al. (2000). The authors demonstrated that a
¨300-bp-long region of a HERV-K HS LTR from contig
L47334 was sufficient for transcription initiation at a level even
higher than that of the whole LTR. Both the transcription
initiation site and putative promoter identified in this work
were located within this ¨300-bp-long LTR fragment (Fig.
2C). It can be therefore concluded that human-specific HERV-
K (HML-2) proviral and solitary LTR insertions provide
promoters for host non-repetitive DNA transcription that can
occur in vivo in human tissues.
Surprisingly, the mapped transcriptional start point is
located at the very 3V end of the LTR R region. Therefore,
the R region is excluded from transcripts initiated on LTRs,
whereas a classical retroviral life cycle model implies that the
transcription is driven from between the LTR U3 and R
elements, and the R transcript is a 5V-terminal component of the
newly synthesized proviral RNA. Such a mode of proviral
DNA transcription is a basis of the life cycle that provides the
possibility of template jumps during proviral RNA reverse
transcription. Interestingly, within the HS LTR sequence, there
is an intact TATA box, situated close to the ‘‘canonical’’
transcription start site at the 3V terminus of the U3 region (Fig. 1
of Supplementary material). However, according to our data,
the LTR transcription starts from another initiation site, located
¨300 bp downstream of the TATA box. Thus, a change of
transcription start point leads to transcripts of endogenous
retroviral LTRs or proviruses initiated at the transcription start
E. Kovalskaya et al. / Virology 346 (2006) 373–378376site mapped in this study that are improper for the normal viral
life cycle.
Several hypotheses could be proposed to explain this
phenomenon. The changeover of initiation sites might serve to
rescue infected germ-line cells from being killed by retroviral
infection. There are two ways believed to be used for such a
rescue: (i) retroviral silencing through DNA methylation.
However, germ-line cells are known to erase methylation, and
therefore, this mechanism can hardly be efficient in virus
silencing (Yoder et al., 1997). (ii) Accumulation of mutations to
inactivate the provirus. This way is efficient, but it takes too long
time to be a real cellular safety mechanism. On the other hand, a
germ cell could silence the retroviral transcription or change its
start point just by mobilizing transcription factor(s) appropriate
for alternative promoter(s). This could provide a sufficiently fast
defensive mechanism. Similar mechanisms are already known
to operate in embryonic stem cells (Cherry et al., 2000). At least
two blocks to permissive provirus expression in embryonic stem
cells and their differentiated derivatives have been described.
The first block acts at the level of transcription, it starts to
operate immediately after infection and can be attributed to
trans-acting factors. In contrast, the second block is poorly
characterized and acts in cis to maintain the transcriptional
block. The second block was discovered in early studies, where
it has been shown that cell differentiation induction or cell
fusion relieved the first block, as demonstrated by de novo
infection, but resulted in blocking the expression of proviruses
that had integrated prior to differentiation (Casau et al., 1999;
Laker et al., 1998).
Moreover, when a changeover of transcription start sites
occurs (but not silencing), the cell can use the knownmechanism
of protection from subsequent viral infection due to binding of
cellular receptors with the envelope proteins translated from the
‘‘domesticated’’ retroviral RNA (Best et al., 1997; Svoboda,
1998). It is well known that germ cells are fairly resistant to
retroviral infections. The mechanism above might be one of
possible mechanisms underlying such a resistance.
A shift of the start site can be also explained by the presence
of at least two alternative promoters within the HS LTR, one of
which is used for viral gene expression and the other for
transcription of retrotransposition-competent copies of the
integrated provirus. The latter type of transcripts is supposed
to be far less abundant that basically corresponds to our
observations (Fig. 2). It should be mentioned that alternative
promoters with unknown functions were found earlier for many
other retrotransposons (Nigumann et al., 2002; Buzdin, 2004;
Deininger et al., 2003). Further mapping of all LTR internal
promoters and transcription start sites would help to better
understand the mechanisms underlying shifts of transcription
start sites in endogenous LTRs.
Materials and methods
DNA sequence analysis
The consensus sequence of the human-specific HERV-K HS
family LTRs was taken from our previous work (Buzdin et al.,2003a, 2003b). LTR flanking regions were investigated using
the RepeatMasker program (http://ftp.genome.washington.edu/
cgi-bin/RepeatMasker; A.F.A. Smit and P. Green, unpublished
data). Homology searches against GenBank were done using
the BLAST web-server at NCBI (http://www.ncbi.nlm.nih.gov/
BLAST) (Altschul et al., 1990). The UCSC genome browser
and BLAT searches (http://genome.ucsc.edu/cgi-bin/hgBLAT)
were used to determine genomic locations of LTR flanking
regions. The data on the insertion polymorphism of HS LTR
family members in the human and chimpanzee genomes were
either previously reported by us and others (Barbulescu et al.,
1999; Buzdin et al., 2002, 2003a, 2003b; Mamedov et al., 2002;
Medstrand and Mager, 1998) or obtained using the UCSC
genome browser (http://genome.ucsc.edu/cgi-bin/hgGateway),
track ‘‘chimp’’.
Oligonucleotides
Oligonucleotides were synthesized using an ASM-102U
DNA synthesizer (Biosan, Novosibirsk, Russia).
RNA isolation and cDNA synthesis
Total RNA was isolated from frozen human testicular
parenchyma surgical specimen pulverized in liquid nitrogen
using an RNeasy Mini RNA purification kit (Qiagen). All RNA
samples were further treated with DNase I to remove residual
DNA. Full-length cDNA samples were obtained according to a
cap switch effect based SMART cDNA synthesis protocol
(Clontech, BD Biosciences) using an oligo(dT)-containing
primer (CDS, 5V-aagcagtggtatcaacgcagagtac(t)30-3V), Power-
Script reverse transcriptase (Clontech, BD Biosciences) and a
riboCS oligonucleotide. When PowerScript reverse transcrip-
tase reaches the 5V end of the mRNA, the enzyme’s terminal
transferase activity adds a few additional deoxycytidine
nucleotides to the 3V end of the cDNA. The riboCS
oligonucleotide (5V-taacaacgcagagtacgcrgrgrg-3V, where ‘‘r’’
stands for ribonucleotides), which contains an oligo ribo(G)
sequence at its 3V end, basepairs with the deoxycytidine stretch,
creating an extended template. Reverse transcriptase then
switches templates and continues the replication to the end of
the oligonucleotide. The resulting full-length, single-stranded
cDNA contains 5V end sequences that are complementary to the
riboCS oligonucleotide. Advantage 2 polymerase mix (Clon-
tech), the CS (5V-taacaacgcagagtacgcgg-3V), and the CDS
oligonucleotides were used to synthesize the second cDNA
strands and to PCR amplify double-stranded cDNA.
Selective amplification of LTR promoted transcripts and
mapping a putative promoter within the HS LTR consensus
sequence
In a series of RT-PCR experiments with LTR-specific and
unique genomic primers, we demonstrated that five individual
HS family members were transcribed in human testicular
parenchyma (LTR 1 from human genomic contig AL139421
and LTRs 2 –5 from contigs AC012175, AP000945,
E. Kovalskaya et al. / Virology 346 (2006) 373–378 377AC010245, and AC068213, respectively). To identify tran-
scription start points in LTR-promoted RNAs, human testicular
parenchyma cDNA libraries were PCR amplified with 0.2 AM
cDNA 5Vend-specific CS primer and 0.2 AM unique genomic
primers against LTR 3V-adjacent 40- to 100-bp-long genomic
sequences (G1 for LTR 1, 5V-ctcagtaaagatgaaggtatgacaag-3V,
and G2, 5V-tgcaatgttcatgttcgctcc-3V, G3, 5V-taagtggatataattac-
taagtccagg-3V, G4, 5V-ataaaggagaaatcttccatgaag-3V, G5, 5V-
ttgtagctgaccaacagcctgc-3V, for LTRs 2–5, respectively). PCR
conditions differed depending on a primer combination used, in
particular, the number of PCR cycles varied from 28 to 39. The
priming efficiency of genomic primers was pre-examined by
genomic PCRs with a 40 ng human genomic DNA template.
The amplification products reflecting the transcriptional activ-
ity of five individual LTRs were cloned in E. coli using a
pGEM-T vector system (Promega) and sequenced (GenBank
accession numbers AY944070–AY944074). At least four
clones were sequenced for each of the five LTRs. Genomic
positions of the sequences were determined using the UCSC
genome browser, and the sequences were aligned with the HS
LTR consensus sequence using the ClustalW program. RT-PCR
experiments with primers specific to the proviral gag gene, 5V-
aatggcccaatcattccata -3V, and to LTR, LTRfor4, 5V-
gtcttgtgaccctgacacatcc-3V, and LTRfor3, 5V-cctccatatgct-
gaacgctg-3V, were done using human testicular parenchyma
cDNA samples. Here, cDNA synthesis was performed using
random hexamer primers (Perkin Elmer) according to the
manufacturer’s protocol, with or without addition of AMV
reverse transcriptase (Promega). cDNA synthesis was equally
efficient in all preparations, as verified using RT-PCR with
primers specific to the beta-actin gene (Gene Checker Kit,
Invitrogen). A cDNA equivalent of 20 ng total RNAwas added
as template in each PCR reaction. PCR was performed in a
final volume of 40 Al. After 24, 27, 30, 33, 36, and 39 cycles of
the amplification, 5 Al aliquots of the reaction mixture were
sampled and analyzed by electrophoresis in 1.5% agarose gels.
All RT-PCR experiments were reproduced at least twice using
independent cDNA preparations.
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